Objective: Patients with severely reduced left ventricular function undergoing coronary artery bypass grafting have increased complication rates. We hypothesized that temporary postoperative atrial synchronous biventricular pacing would improve left ventricular function after cardiopulmonary bypass.
Patients with severely reduced left ventricular (LV) function undergoing coronary artery bypass grafting (CABG) have increased perioperative complication rates. 1 These patients require more inotropic and intra-aortic balloon support and have prolonged stays on intensive care units relative to patients with normal LV function. About 9% of patients undergoing CABG require pacing in the postoperative period, usually for transient high-grade atrioventricular (AV) block or sinus bradycardia, a figure that increases with higher age and reduced LV function. 2 Increasing the heart rate may also improve cardiac output if force-frequency relationships are maintained. 3 Moreover, postoperative pacing may be beneficial to suppress postoperative atrial fibrillation, as has been shown for overdrive atrial-only pacing (AAI). 4 When AV pacing is required for AV conduction abnormalities, right ventricular (RV) apical pacing may acutely give rise to LV dysfunction, as shown by several pressure-volume (PV) loop studies particularly in patients with reduced LV function. [5] [6] [7] In contrast, atrial synchronous (DDD) biventricular (BIV) pacing represents an effective therapeutic modality that acutely improves LV function in the patient with heart failure who has a wide QRS complex and an ejection fraction less than 35%. 8 Limited and inhomogeneous data are available for DDD-BIV pacing in cardiac surgical patients with severely reduced LV function. [9] [10] [11] [12] PV loops offer the potential to evaluate intrinsic LV function at high spatial and temporal resolution and independently of loading conditions. Moreover, PV analysis provides information on mechanical dyssynchrony and the mechanical efficiency of cardiac contraction. 8, 13 This study was designed to determine the effects of DDD-BIV or DDD-LV on LV function relative to standard pacing modes in a homogeneous group of patients with severely reduced LV function undergoing CABG. 
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MATERIALS AND METHODS Patients
Twenty-seven patients undergoing CABG between August 2004 and December 2006 with preoperative sinus rhythm, LV ejection fraction less than 35% on ventriculography, and a QRS width less than 120 ms were included in the study. Exclusion criteria were preoperative atrial fibrillation, emergency surgery, preoperative hemodynamic instability, and concomitant valve or aortic surgery. Patients with moderate to severe mitral regurgitation necessitating restrictive mitral valve annuloplasty were also excluded. The study protocol was approved by the institutional review board, and all patients gave written, informed consent. Three patients were excluded for failure to place the PV catheter, 1 patient was excluded for persistent atrial fibrillation, and 2 patients were excluded for severe hemodynamic instability at the time of weaning from cardiopulmonary bypass (CPB). Preoperative characteristics of the 21 patients included in the data analysis are shown in Table 1 .
Protocol
Anesthesia was induced with etomidate and sufentanil and maintained with propofol, sufentanyl, and sevoflurane (before and after CPB). All patients received a pulmonary artery thermodilution catheter (Edwards Lifescience, Irvine, Calif). Fluid management was adjusted to maintain central venous pressure between 8 and 12 mm Hg and pulmonary artery diastolic pressure between 15 and 18 mm Hg. Routine CABG was performed under moderate hypothermia with antegrade blood cardioplegia. Before weaning from CPB, unipolar pacing wires (Streamline 6500; Medtronic Inc, Minneapolis, Minn) were sutured to the roof of the right atrium, the RV outflow tract (RVOT) in a midventricular paraseptal position, and the lateral free wall of the LV between the first diagonal and first marginal branch and connected to a dual-chamber external pacemaker (Pace 203H; Osypka, Rheinfelden-Herten, Germany), as described previously.
14 The indifferent electrode was placed subxiphoidally. All patients were operated on by the same surgeon (M.M.), and care was taken to ensure that the pacing wires were placed in standardized positions. Weaning from CPB was accomplished in standard fashion. Enoximone (1 mg/[kg $ min]) was given to all patients and adjusted to a maximum dose of 4 mg/[kg $ 8729; min] to achieve mixed venous oxygen saturation higher than 75% and a cardiac index of more than 2.2 L/(min $ 8729; m 2 ). If these hemodynamic goals were not accomplished despite raised filling pressures (central venous pressure>15 mm Hg; pulmonary artery diastolic pressure>18 mm Hg), dobutamine in incremental doses up to 10 mg/(kg $ 8729; min) was used. If necessary, norepinephrine was infused to achieve a mean arterial pressure greater than 65 mm Hg. After weaning from CPB, a 7F combined PV catheter (CD Leycom, Zoetermeer, The Netherlands) was placed in the LV through the pulmonary vein. PV catheter position was verified by transesophageal echocardiography and inspection of segmental volume signals. The PV catheter was coupled to a cardiac function lab (Leycom CFL512; CD Leycom) that digitized PV signals at a sample rate of 250 Hz. LV volume was calibrated by thermodilution cardiac output and hypertonic saline dilution. 15 Measurements were performed 15 to 30 minutes after successful weaning from CPB during suspended ventilation with hemodynamic steady-state conditions at constant rates of inotropic support. Patients were paced at a constant rate of 90 beats/min or at least 10 beats above the intrinsic heart rate, analogous to the atrial pacing studies to prevent postoperative atrial fibrillation. 4 Pacing modes were tested in random order according to a computer-generated randomization sheet. Between measurements, patients were paced by AAI at 90 beats/min as the baseline pacing mode. The AV interval was programmed to 120 ms to ensure true BIV capture. PV loops were obtained with DDD-BIV, DDD-LV, DDD-RVOT, and AAI for at least 30 seconds after changing the pacing modes. Sequences of at least 15 beats were recorded for further offline analysis. Sequences with arrhythmias were discarded, and the 
Data Analysis
Data were analyzed offline with commercially available software (Conduct NT; CD Leycom). Global cardiac function was quantified by LV end-diastolic and end-systolic pressures, LV end-diastolic and end-systolic volumes, the maximum rates of positive and negative LV pressure change (þdP/dt max and ÀdP/dt max ), stroke volume, cardiac index, stroke work, peak ejection rate during systole, peak filling rate during diastole, and the time constant of isovolumetric relaxation. The following preload independent contractility indices were measured during vena caval occlusion until a nadir of the LV volume was obtained with each pacing mode: the slope of the end-systolic PV relationship (the end-systolic elastance), the slope of stroke work against end-diastolic volume (the preload recruitable stroke work) and the slope of the relationship betweenþdP/dt max and end-diastolic volume. Effective arterial elastance was calculated as end-systolic pressure divided by stroke volume. 16 Ventriculoarterial coupling was defined as end-systolic elastance divided by arterial elastance. 17 PV area was calculated as the change in LV pressure divided by the change in LV volume, resulting in an energetically ideal rectangular PV diagram. 17 Global cycle efficiency, defined as stroke work divided by PV area, takes the distortions of the actual PV loop into account and is a measure of how much external energy is converted into mechanical energy. 17 LV dyssynchrony was determined from segmental volume signals. 13 A segmental signal was considered to be dyssynchronous if its change was opposite to the simultaneous change in total LV volume. Segmental dyssynchrony was calculated as the percentage of time within the cardiac cycle that a segment was dyssynchronous. Total dyssynchrony was the average of segmental dyssynchrony in all segments. Systolic dyssynchrony was determined from R wave toÀdP/dt max ; diastolic dyssynchrony was determined fromÀdP/dt max to R wave. Systolic dyssynchrony was subdivided into early systole from R wave to þdP/dt max and late systole fromþdP/dt max to end-systolic volume. Diastolic dyssynchrony was subdivided into early diastole from end-systolic volume to peak flow rate and late diastole from peak flow rate to R wave.
Statistical Analysis
Statistical analysis was performed with SPSS for Windows version 12.0.1 (SPSS Inc, Chicago, Ill). Data are expressed as mean AE SD. Hemodynamic parameters followed Gaussian distribution and were compared with 2-way analysis of variance for repeated measurements. The Tukey test with a 95% confidence interval was used for post hoc comparisons between pacing groups. Hemodynamic parameters during sinus rhythm and AAI at 90 beats/min were compared with the Wilcoxon test for matched pairs. Statistical relationships between selected preoperative and intraoperative parameters were tested with least squares linear regression. Table 1 shows preoperative and intraoperative data for the 21 patients after weaning from CPB. All patients received standard medication for ischemic heart disease, including angiotensin-converting enzyme inhibitors, b-blockers, statins, and diuretics. Two patients required the implantation of an intra-aortic balloon pump after PV loops had been recorded because of high inotrope or vasopressor needs. Preoperative PQ interval was in the reference range and did not change from preoperative to intraoperative measurements. AAI at 90 beats/min led to a significant prolongation of PQ interval, from 173 AE 33 ms to 205 AE 37 ms (P<.01). QRS interval showed a moderate but significant prolongation, from 98 AE 17 ms preoperatively to 104 AE 20 ms intraoperatively (P < .05). Phrenic nerve stimulation during DDD-LV or DDD-BIV was not observed.
RESULTS
Preoperative and Intraoperative Data
Hemodynamic Parameters
Representative regional and global PV loops for each pacing mode in a single patient are shown in Figure 1 . Hemodynamic data are summarized in Table 2 . The systolic variables of cardiac index, stroke work, and þdP/dt max , as well as the preload-independent variables of end-systolic elastance, preload recruitable stroke work, andþdP/dt max divided by end-diastolic volume, were significantly lower during DDD-RVOT than during DDD-BIV, DDD-LV, and AAI (Table 2, Figure 2 ). Because the arterial elastance remained stable between pacing modes, concurrent differences in ventriculoarterial coupling could be observed.
Diastolic variables, with the exception of ÀdP/dt max , were not different between DDD-RVOT and DDD-BIV, DDD-LV, and AAI. No significant differences for any variables could be determined between DDD-BIV, DDD-LV, and AAI. No significant correlation between any preoperative or intraoperative variable, with the exception of the intraoperative PR interval and stroke work, could be determined (r 2 ¼ 0.21, P ¼ .05). Determination of differential values between stroke work during DDD-BIV and AAI and intraoperative PR interval, however, yielded a significant correlation with higher stroke work intervals (r 2 ¼ 0.78, P<.001; Figure 3 ) during DDD-BIV with increasing PR intervals. Differential values for cardiac index showed similar results (r 2 ¼ 0.43, P ¼ .003). The 14 patients measured during sinus rhythm showed significant increases in cardiac index, þdP/ dt max , peak ejection rate, and þdP/dt max divided by end-diastolic volume as a result of AAI pacing, whereas ejection fraction and ventriculoarterial coupling decreased significantly (Table 3) . When only the patients with a sinus rate lower than 70 beats/min were analyzed, the significant increase in several systolic parameters remained significant in the AAI group, without any decrease of mechanical efficiency (Table 4) . AAI led to a small but significant Global cycle efficiency (%) 0.675% AE 0.051% 0.698% AE 0.065%
All data are mean AE SD. AAI, Atrial pacing and sensing with inhibited response; dP/dt max , maximum rate of left ventricular pressure change. *Significant difference, P < .01. ySignificant difference, P < .05.
prolongation of the AV interval (Table 1) without affecting diastolic parameters (Table 3) .
Dyssynchrony Indices
Total systolic dyssynchrony indices were significantly lower for DDD-BIV (21% AE 5%), DDD-LV (20% AE 6%), and AAI (20% AE 6%) than for DDD-RVOT (25% AE 7%, P < .05). When systolic dyssynchrony was subdivided into early and late systolic dyssynchrony, these differences remained for early systole, whereas late systolic dyssynchrony was only significantly lower for AAI relative to DDD-RVOT (Figure 4) . Diastolic dyssynchrony indices subdivided into isovolumetric relaxation and filling phases showed no significant differences between pacing modes. To determine the contribution of regional systolic dyssynchrony to total dyssynchrony, catheter segments where divided into apical, medial, and basal segments ( Figure 5 ). Systolic dyssynchrony was significantly lower with DDD-BIV, DDD-LV, and AAI than with DDD-RVOT in the apical segments but not the medial and basal segments.
DISCUSSION
Our results show superior systolic LV function during DDD-BIV, DDD-LV, and AAI pacing relative to standard DDD-RVOT pacing in patients with severely reduced LV function undergoing CABG. These results may be explained by differences in regional systolic dyssynchrony. Isovolumetric relaxation, as indicated by ÀdP/dt max , was also improved, whereas the filling phase remained largely unaffected. No overall significant differences were found between AAI and DDD-BIV or DDD-LV.
BIV Pacing After Cardiac Surgery
BIV pacing has become an established therapy for patients with heart failure with an ejection fraction less than 35% and a QRS duration longer than 120 ms. 18 Acute improvements in several systolic parameters, such as ejection fraction, stroke work, andþdP/dt max have been documented in several invasive studies. 6, 7, 19 Echocardiographic studies have shown an acute improvement in systolic dyssynchrony after BIV pacing. 20, 21 These effects are maintained longterm with concomitant reverse remodeling after stimulation for 6 months, as shown by Steendijk and colleagues 8 with serial PV loop measurements. Importantly, BIV pacing improves cardiac contractility without additional energy expenditure. 22 The potential to transfer these acute beneficial hemodynamic effects to cardiac surgical patients is intriguing. Several studies have evaluated BIV pacing after cardiac surgery, with mixed results [9] [10] [11] [12] ; however, these studies were small, with inhomogeneous populations that included patients with valve surgery and maintained LV function, and with measurements performed at variable time points after cardiac surgery. Acute hemodynamic results obtained in patients with chronic heart failure should not be expected to transfer straightforwardly to the patient undergoing CABG, because the hemodynamic situation is essentially different. After weaning from CPB, hemodynamics must be evaluated in an open-chest situation with high levels of inotropes, rapid volume changes, and a variable degree of myocardial stunning after the use of CPB and cardioplegia. 23 Placement of the LV pacing wire through the coronary sinus is limited by coronary sinus anatomy and results in electrical stimulation closer to the base of the heart than epicardial pacing at the free lateral wall. Although the RVOT is accessible through the endocardial approach, the vast majority of studies comparing RV and BIV pacing have used the AAI, Atrial pacing and sensing with inhibited response; dP/dt max , maximum rate of left ventricular pressure change. *Significant difference, P < .01. ySignificant difference, P < .05.
RV apical position. This is thus the first study to compare the hemodynamic effects of different stimulation modes on LV hemodynamics in a homogeneous population of patients undergoing CABG with ischemic cardiomyopathy.
RVOT Pacing Versus BIV Pacing
Systolic LV hemodynamic variables significantly improved during DDD-BIV, DDD-LV, and AAI relative to DDD-RVOT, whereas late diastolic relaxation and filling remained largely unaffected by the choice of pacing mode. In line with these findings, dyssynchrony indices were significantly improved during DDD-BIV, DDD-LV, and AAI relative to DDD-RVOT, whereas the diastolic dyssynchrony indices remained in the same range. Interestingly, systolic dyssynchrony was higher in the apical segments in all groups. After stratification according to the long heart axis, only the differences in apical dyssynchrony remained significant. This is also reflected in the apical distortion of regional PV loops during DDD-RVOT, which is a hallmark of inefficient conversion of external energy into mechanical energy (Figure 1 ). Lieberman and associates 5 recorded regional PV loops during endocardial stimulation at apical, RVOT free wall, and RVOT septal pacing sites and showed the distortions of regional PV loops to correlate with the RV pacing site. Because we used an epicardial right midventricular paraseptal position for the RV lead, the findings of the aforementioned study should be applied to our study with caution. DDD-RVOT was chosen in our study because the RVOT is easily accessible from a surgical point of view and diaphragmatic muscle stimulation is less likely. At the time the study was designed, DDD-RVOT was regarded as an alternative pacing site that potentially produced less LV dysfunction than RV apical pacing through earlier Hisbundle activation. 24 More recent data, including PV loop studies, suggest that none of the alternative pacing sites are superior to RV apical pacing. 4, 25, 26 LV Only Versus BIV Pacing
The overall results for DDD-LV and DDD-BIV for systolic, diastolic, and dyssynchrony parameters were in the same range for both pacing modes. This finding is in line with previous data obtained by PV loop analysis in patients with severe LV dysfunction with and without left bundle branch block. [5] [6] [7] Previous investigators have reported improved isovolumetric relaxation with DDD-BIV relative to DDD-LV in patients with heart failure and broad QRS; however, we did not observe any difference in the time constant of isovolumetric relaxation orÀdP/dt max . 3 On the basis of our and previous data, LV-only pacing seems to be a suitable alternative for short-term postoperative pacing and may be the preferred option because of its simplicity.
BIV Pacing Versus AAI
No differences between AAI and DDD-BIV for systolic, diastolic, and dyssynchrony variables were determined. Although our patients did not have a wide QRS complex, a high degree of systolic dyssynchrony was observed, which was more pronounced toward the apex, a finding that has been reported previously in patients with heart failure undergoing long-term BIV pacing and cardiac surgical patients undergoing aneurysmectomy. 8, 27 Several echocardiographic studies have shown considerable intraventricular dyssynchrony despite normal QRS duration and have seen a positive response to BIV pacing when echocardiographic criteria of dyssynchrony are met. 28, 29 Although measures of systolic dyssynchrony were high in our patient population, considerable intraindividual differences in response could be found between DDD-BIV and AAI ( Figure 5 ). Of the preoperative and intraoperative variables, only PQ duration during AAI at 90 beats/min predicted a superior response of DDD-BIV relative to AAI.
Pacing Strategies After Coronary Artery Surgery
DDD-BIV and DDD-LV are novel therapeutic options that can be achieved with standard epicardial pacing wires and standard external pacemakers. Placement of an additional LV pacing wire is achieved by luxation of the heart and replacement into the thoracic cavity, which takes less than 1 minute on average. 12, 14 The feasibility and safety of temporary BIV pacing, as well as the longevity of LV pacing wires, have been demonstrated in two studies. 12, 14 The average improvement in stroke work during DDD-BIV or DDD-LV relative to DDD-RVOT was between 12% and 14% in FIGURE 5 . Alterations in regional systolic dyssynchrony according to pacing mode. Systolic dyssynchrony decreases from apex to base. Significant difference (P < .0001) for apical versus mid and apical versus base for all pacing modes, mid versus base only significant (P ¼ .01) for atrial synchronous right ventricular outflow tract pacing (DDD-RVOT). Significant differences versus atrial synchronous right ventricular outflow tract are marked with daggers (P < .05). DDD-BIV, Atrial synchronous biventricular pacing; DDD-LV, atrial synchronous left ventricular pacing; AAI, atrial-only pacing.
our study, which has to be considered a relevant improvement in patients with severely reduced LV function.
On the basis of our findings, we suggest that patients with severely reduced LV function should receive an additional left-sided pacing wire. Pacing is mandatory if a higher grade AV block occurs. In this case, the recommended pacing mode in our patient population would be DDD-BIV or DDD-LV. When AV conduction is preserved and patients are in sinus bradycardia, pacing mode should be AAI unless a significant AV conduction delay occurs, in which case DDD-BIV or DDD-LV appears to be preferable on the basis of our data. The approximate threshold to switch from AAI to DDD-BIV or DDD-LV seems to be a 220-ms AV delay during atrial stimulation. Patients with an adequate sinus rate do not need any pacing at all; however, up to a sinus rate of 70 beats/min, an increase in the heart rate through pacing may be warranted to increase cardiac output as force-frequency relationships seem to be maintained, although this concept has to be validated in a larger set of patients. The ideal duration of postoperative pacing remains speculative. Recent results from our group suggest that prolonged postoperative pacing for 96 hours does not confer any clinical benefit. 30 A practical suggestion might be to continue pacing as long as the patient is in need of inotropic support in the intensive care unit.
Limitations
Several limitations exist regarding the number of possible permutations in an invasive hemodynamic study with critically ill patients at the time of weaning from CPB. Pacing rate was kept constant at 90 beats/min, analogous to the studies to prevent postoperative atrial fibrillation. A lower base rate would have yielded a higher proportion of patients with spontaneous atrial depolarization and fluctuations in the spontaneous sinus rate, which would have made comparisons between different pacing modes difficult. Force-frequency relationships are known to be blunted for higher heart rates; however, this does not apply to BIV pacing according to a recent study. 3 Pacing modes were tested for a relatively short period. After changing from one mode to the other, we observed instantaneous change in PV loops. A longer pacing period, which was not feasible because of the intraoperative setting, would have allowed an additional adaptation of the ventricle to the new electromechanical condition. Wire position was standardized, although variations of all three epicardial wire positions (left, right, and atrium) are theoretically possible. We aimed at investigating a homogeneous patient population with an ejection fraction lower than 35% from ischemic heart disease, with a QRS width less than 120 ms, and without concomitant valve or aortic surgery. Whether our results can be transferred to cardiac surgical patients with reduced LV function not caused by ischemic heart disease or to patients with bundle branch block is an open question. Strictly speaking, our results only apply for the immediate postoperative period after weaning from CPB during the open-chest condition.
CONCLUSIONS
Temporary DDD-BIV or DDD-LV in patients with severely reduced LV function undergoing CABG is a novel therapeutic option that is hemodynamically superior to DDD-RVOT. Whether this therapy should be extended to a broader population in cardiac surgery needs further investigation.
